We obtained temperature structures in faint coronal features above and near the solar limb with the X-Ray Telescope aboard the Hinode satellite by accurately correcting the scattered X-rays from surrounding bright regions with occulted images during the solar eclipses. Our analysis yields a polar coronal hole temperature of about 1.0 MK and an emission measure in the range of 10 25:5 -10 26:0 cm 5 . In addition, our methods allow us to measure the temperature and emission measure of two distinct quiet-Sun structures: radial (plume-like) structures near the boundary of the coronal-hole and diffuse quiet Sun regions at mid-latitudes. The radial structures appear to have increasing temperature with height during the first 100 Mm, and constant temperatures above 100 Mm. For the diffuse quiet-Sun region the temperatures are the highest just above the limb, and appear to decrease with height. These differences may be due to different magnetic configurations.
Introduction
The heating mechanism of the 10 6 K corona is still unknown. The information on the coronal temperature profiles as a function of height would give a hint to solve the coronal heating problem. Therefore, several groups have studied the changes in temperature with height using the Soft X-ray Telescope (SXT) aboard the Yohkoh satellite and the Coronal Diagnostic Spectrometer (CDS) aboard the Solar and Heliospheric Observatory (SOHO). The temperature structure above a polar coronal hole until about 1.15 solar radii was derived from a wideband-filter ratio of Yohkoh/SXT (Foley et al. 1997 ) and an emission-line ratio of SOHO/CDS (Fludra et al. 1999) . The quiet Sun below coronal streamers was also investigated with SXT (Sturrock et al. 1996; Wheatland et al. 1997) and CDS (Parenti et al. 2000; Foley et al. 2002) . All of these papers report a temperature increase with height and offer suggestions about the amount of energy released at high altitude for maintaining the temperature profiles.
The X-Ray Telescope (hereafter XRT: Golub et al. 2007; Kano et al. 2008 ) aboard the Hinode satellite (Kosugi et al. 2007) has not only the highest angular resolution of any solar soft X-ray telescope, but also the widest temperature coverage, sampling coronal plasma from 1 MK to 10 MK. In particular, the sensitivity to 1 MK plasmas is much improved over Yohkoh/SXT. XRT is especially suitable for measuring the temperatures of diffuse and quiet corona.
In the present work, we investigated the temperature and emission measure of the faintest plasma in the corona: coronal holes and the quiet Sun. Our analysis depended on a careful determination of scattering effects, since these have been shown to cause significant systematic errors (Hara et al. 1994 ). Hara (1997) showed that the scattering contribution can be observed and corrected using the area occulted with the Moon during a solar eclipse. For this work we used eclipse observations to obtain sensitive measurements of the plasma properties in coronal holes and the quiet Sun. Because of the time constraints of solar eclipses, we could not obtain multifilter observations for coronal holes and coronae above the limb. Therefore, we assumed an isothermal corona along the line of sight, and applied a wideband-filter-ratio technique to derive coronal temperatures. Nevertheless, the most accurate determination of the filter-ratio temperature would give us new information concerning the vertical temperature of the solar corona that can be directly compared with that of previous observations. We describe the observations in section 2, the analysis in section 3, and the results in section 4. We discuss the implications of coronal heating in section 5. Aschwanden and Nitta (2000) as well as Aschwanden and Acton (2001) pointed out that the temperature increase with height may be an apparent effect caused by the line-of-sight integration of unresolved threads with various temperatures. We also discuss the effect in the last section. The eclipses used in this study. 
Observations
In the spring of 2007, four solar eclipses occurred at the Hinode orbit (table 1). We selected two partial eclipses with smaller eclipse magnitudes, and observed the solar corona with the Hinode/XRT from several minutes before each eclipse to several minutes after it without changing the Hinode spacecraft pointing.
The eclipse on 2007 February 17 was observed with a fieldof-view size of 1024 00 1024 00 and an exposure duration of 16.4 s. The Al/Mesh and Ti/Polyimide filters were used as a pair for temperature diagnostics with a filter-ratio technique. The focus position of the XRT was set to the best on-axis (Gaussian) focus that provides the highest angular resolution around the field-of-view center. We took 6 pairs of the two filter images before/after occultation, and 2 pairs during occultation. The time-averaged Al/Mesh images are shown in figures 1a and 1b. During this eclipse, the Moon passed through the 00 ) of the XRT. We took 4 pairs of the two filter images before/after occultation, and 2 pairs during occultation. The time-averaged Al/Polyimide images are shown in figures 1c and 1d. During this eclipse, the Moon passed through the north-eastern part of the Sun, occulting the quiet Sun at mid-latitudes and the diffuse corona above it. According to a K-corona image taken with the Mk4 K-coronameter at the Mauna Loa Solar Observatory, a streamer was seen above the diffuse corona in the XRT field of view (figure 2).
Analysis
During both eclipse observations, the GOES X-ray flux was lower than the A1-level, and no significant events occurred. Therefore, we formed time-averages of the non-occulted and occulted data to improve the signal-to-noise ratio. Figure 3 shows intensity profiles across the solar limb for each eclipse and each filter. The blue and green lines in the figure individually show the raw intensity profiles in two occulted images taken during each of the occultation, while black lines show those in the time-averaged non-occulted images. Since the Moon does not emit X-rays, the entire XRT signal in areas occulted by the Moon is due to scattered X-rays. Although the Moon moved rapidly during the exposures and in between them, the levels and patterns of the scattered X-rays in the occulted area were the same in both the blue and green lines. This is because the Moon occulted only a small portion of corona in faint regions in both of the eclipses. We assumed the spatial distribution of the scattered X-rays did not change over the duration of the observations. We are therefore justified in subtracting the time-averaged occulted image from the timeaveraged non-occulted image to remove the scattered X-ray component in the occulted area. The dotted lines in figure 1 show the areas that were occulted by the Moon in any X-ray images taken during each eclipse. The red lines in figure 3 are the scatter-subtracted intensities. They are significantly separated from black lines in a coronal hole or far-beyond the solar limb on 2007 February 17. The scattered X-rays in these regions probably came from an active region on the disk on that day. On 2007 March 19, the separation between the red and black lines is not very significant, probably because there was no active region on 2007 March 19.
We obtained isothermal temperatures and emission measures using the wideband-filter-ratio technique (N. Narukage et al. 2008, in preparation) . This method assumes that all of the plasma along the line of sight can be well represented by a single temperature. Narukage et al. (2008) pointed out that the XRT response gradually changes with time. Based on their study, we used the calibrated XRT response for each observation timing, as shown in figure 4. Since both ratios shown in figure 4b monotonically increase from below 1 MK to over 10 MK, they are suitable for wide-range temperature diagnostics. The errors in this approach are determined by the signalto-noise ratio. For faint regions, we summed pixels (after taking the time average) to reduce the photon-noise error down to 1% in X-ray intensity. This gave a temperature error of about 0.1 MK for 2 MK plasmas. (The isothermal assumption may give systematic temperature errors.)
Results
Figures 5 and 6 show the temperature and emission measure maps derived with the wideband-filter-ratio technique. High in the corona, the analysis pixel becomes larger to improve the signal-to-noise ratio, as described above. Note that some downward-sloping stripes, which are apparent in the right-hand side of figure 5a, are an artificial pattern due to a mesh supporting the Al/Mesh filter. In both figures, some X-ray bright points are seen on the solar disk, and have a temperature of about 2 MK and an emission measure of 10 26:5 -10 27:0 cm 5 . There is no significant difference in the temperature and emission measures of the X-ray bright points between the two figures, although the figures were derived from the different filter pairs.
Temperature and Density on the Solar Disk
From figure 5, we find that the coronal hole has a temperature of about 1.0 MK and an emission measure of 10 25:5 -10 26:0 cm 5 . Across the coronal hole, the scatter-subtracted intensity changes as shown by the red lines in figures 3a and 3b. We extrapolated the intensity gradients at the boundary with the nearby quiet Sun and the solar limb into the coronal hole, as shown dashed lines in figures 3a and 3b. The dashed lines are substantially lower than the red lines in the on-disk coronal hole. This implies that the scatter-subtracted intensity in the on-disk coronal hole is essentially free from foreground and background emission from structures outside the hole. The coronal-hole temperature is clearly cooler than the surrounding quiet Sun in figure 5a (1.5-2.0 MK) and the quiet Sun in figure 6a (1.5-1.7 MK) . If we assume a plane-parallel hydrostatic atmosphere, the electron density at the coronal base is calculated from the emission measure EM and the temperature T as
where Â is the angle between the line-of-sight direction and the normal to the surface (see appendix). Therefore, the emission measure in the coronal hole corresponds to an electron density of 1.0-1.5 10 8 cm 3 at the coronal base.
Temperature above the Limb
Above the limb of the southern polar coronal hole, the temperature is not isotropic, but increases with height at any position angle (figure 5a). The emission measure increases more than double at the limb from the disk, which suggests that most of this plasma is from structures behind, or on the edge of the coronal hole. In figure 7a , we show temperature profiles along two ridges and two valleys of plume-like structures, as shown by the dotted lines in figure 5a. They clearly show the positive temperature gradient from the surface to a height of about 100 Mm. Above 100 Mm, the temperature is almost constant, or might decrease with height until 200 Mm.
(Note that the short scale fluctuations are probably caused by photon noise, because their amplitude of 0.1 MK is comparable to the estimated amount of error.)
In order to know the place where the plume-like structures stood, we tracked them in XRT synoptic images taken from February 16 to February 18 (figure 8), and found that they were moving eastward at a speed of 2: 00 9-3: 00 5 hr 1 . If we assume a rigid rotation with a rate of 13:
ı 34 d 1 , the speed suggests that the plume-like structures stood around a latitude of 70 ı behind the limb, where the coronal-hole boundary was located, according to synoptic images before/after a half rotation. The temperatures near the limb (1.4-1.7 MK), which are consistent with the quiet-Sun temperature on the disk, rather than the coronal hole's, also suggest that the plume-like structures did not stand in the coronal hole.
Above the quiet Sun shown in figure 6a , the temperature is about 2.0 MK (red or yellow) near the limb at any position angle, and decreases with height (green or blue). Because there is no clear feature above the limb, we took the vertical cuts of the temperature at three different position angles (figure 7c). They clearly show a gradual decrease of the temperature with height. 
Discussion and Conclusion
We here consider the temperature distributions that we measured above the limbs. We found that temperature increases with height up to 100 Mm from the limb along plume-like structures standing on the coronal-hole boundary. If this actually represents the temperature distribution along their magnetic field lines, the gradient shows a thermal conductive flux of 0.5-1 10 6 erg s 1 cm 2 from a height of 100 Mm to the base. Since the temperature above 100 Mm is almost constant, the temperature profile suggests that the energy to heat the plume-like structures is released around a height of 100 Mm. The wavelength of Alfvén waves with a period of 3-5 min is
where we assumed magnetic fields of 2 G and an electron density of 10 8 cm 3 as the coronal conditions. It is the same as the height scale of 100 Mm in the observed temperature profiles. Because it is unreasonable to dissipate waves within one wavelength, the Alfvén waves with such long periods can be ruled out as candidates to heat these structures. Stronger magnetic fields make the possibility of Alfvén-wave heating more difficult. Note that this discussion is not affected by the projection effect of the plume-like structures, which were standing on the latitude around 70 ı , because the effect changes only a few % in scale and a few of 10 Mm shift outward. Foley, Culhane, and Acton (1997) reported a positive gradient of the temperature above the limb in a polar coronal hole with a wideband-filter ratio of Yohkoh/SXT. They just applied a modeled wing pattern of the SXT point-spread function (Hara et al. 1994) for estimating the scattered X-rays, while we observed scattered X-rays, themselves, during eclipses. They could not discuss the change of the temperature gradient based on the observed data, since their derived temperatures had a large error due to the uncertainty of the model parameters. Fludra et al. (1999) also reported a positive gradient above polar coronal holes with a line ratio of the SOHO/CDS. Their plot ended up to 0.1 solar radii from the limb, which is lower than the changing point of the temperature gradient we found. Aschwanden and Acton (2001) pointed out that the effect of broadband emission measure distributions combined with the theoretical assumption of hydrostatic equilibrium predicts the apparent temperature increase of the filter ratio temperatures with height. We tried to fit their single-component model to the profiles in figure 7a , and found that it is difficult to explain both of two gradients in a single profile: the large gradient near the base and the constant temperature at the high altitude. This suggests that the energy is released in the coronal region, even if we consider the multi-thermal nature in the plume-like structures.
Above a quiet-Sun region in mid-latitudes, we found the temperature decrease with height, which is completely opposite to the trend above the coronal-hole boundary. This is inconsistent with some previous studies concerning the structure under streamers (Sturrock et al. 1996; Wheatland et al. 1997; Parenti et al. 2000; Foley et al. 2002) . However, Feldman et al. (1999) , Wolfson et al. (2000) , Warren and Warshall (2002) reported a constant temperature with height in a streamer based on the observation of SOHO/the Solar Ultraviolet Measurements of Emitted Radiation (SUMER). Above an active region, Sterling (1997) and Sterling et al. (1999) reported a temperature decrease with height, by analyzing the active region passing over the west limb with the Yohkoh/BCS and the SOHO/CDS. Aschwanden and Acton (2001) also showed in their figure 9 that the temperature structures in the active-region sectors (the position angle of 0 ı -60 ı , 160 ı -210 ı , and 330 ı -360 ı in their paper) have almost-constant or decreasing profiles as the function of the height. Therefore, the constant or decreasing temperatures may be a common feature for closed-loop systems, such as the active regions. The quiet Sun region we studied was located under a streamer, but a little bit shifted northward from the center axis (figure 2). The magnetic configuration may be more complex than that on the streamer axis. To understand the relation between the temperature structure and the magnetic configuration is an important clue to reveal the solar coronal heating problem.
In a polar coronal hole, we derived the temperature of about 1.0 MK, and the electron density of 1.0-1.5 10 8 cm 3 at the coronal base. Both are almost consistent with recent studies with SOHO/CDS (Fludra et al. 1999; Bromage et al. 2000; Del Zanna et al. 2003) and SOHO/SUMER (Doschek et al. 1997; Wilhelm et al. 1998) . Fludra et al. (1999) derived the temperature of 0.75 MK and the density of 2 10 8 cm 3 at the limb of polar coronal holes, by using temperature or density-sensitive line ratios observed with CDS. Del Zanna and Bromage (1999) derived a DEM profile for an equatorial coronal hole, and found a peak temperature at 0.8 MK. The DEM profile also suggested that the temperature in the coronal hole is almost isothermal. Due to the larger sensitivity of XRT to a higher temperature plasma, the wideband-filter-ratio method with XRT may result in a slightly higher temperature. However, a wider spatial coverage of the XRT temperature can be useful for studies on the global structures of coronal holes. Hara et al. (1994) reported a higher temperature by analyzing some equatorial coronal holes observed with the Yohkoh/SXT near a solar maximum. The discrepancy is probably due to the low sensitivity of SXT to the 1 MK plasma, but might be caused by the solar activity dependence. It is important to investigate coronal holes with the same technique, as the solar activity will increase to the maximum.
In this paper, we used a wideband-filter-ratio technique by assuming an isothermal corona along the line of sight. Martens et al. (2002) and Weber et al. (2005) pointed out that the temperature derived with the narrowband-filter-ratio technique for data obtained with the Transition Region and Coronal Explorer (TRACE) and the EUV Imaging Telescope (EIT) aboard the SOHO may be incorrect due to a problem inherent in the technique, because the different filters probably observe completely different components in a corona. However, in the case of a wideband telescope like the XRT, because all filters significantly overlap one another in wavelengths and in temperatures, the wideband-filter-ratio technique is still useful for studying global structures in coronal temperatures. Acton, Weston, and Bruner (1999) also reported that the wideband-filter-ratio temperature derived with the Yohkoh/SXT well represents the emission-measure-weighted average temperature of many differential emission measure models, ranging from very quiet solar conditions to the main phase of large flares. Joint studies between the Hinode/XRT and the Hinode/EUV Imaging Spectrometer (EIS: Culhane et al. 2007) will become important as a next step, especially for multi-thermal structures in a corona.
With soft X-ray or EUV imagers, we can see the solar corona at any time. However, for quantitative studies on faint objects, solar eclipses are the only opportunity, even in soft X-ray or EUV imagers. The present work is probably the first time to evaluate the amount of scattered X-rays accurately by using occulted images during eclipses, and to accurately derive the temperature and emission measure for faint objects. An Earthorbiting satellite like Hinode experiences at least one solar eclipse in each of spring and autumn. We continue this kind of observation for various parts of the Sun in space and in time.
